a b s t r a c t
Fish farm deposition, resulting in organic matter accumulation on bottom sediments, has been identified as among the main phenomena causing negative environmental impacts in aquaculture. An in situ bioremediation treatment was carried out in order to reduce the organic matter accumulation in the fish farm sediments by promoting the natural microbial biodegradation processes. To assess the effect of the treatment, the concentration of organic matter in the sediment and its microbial degradation, as well as the response of the benthic prokaryotic community, were investigated. The results showed a significant effect of the treatment in stimulating microbial degradation rates, and the consequent decrease in the concentration of biochemical components beneath the cages during the treatment. During the bioremediation process, the prokaryotic community in the fish farm sediment responded to the overall improvement of the sediment conditions by showing the decrease of certain anaerobic taxa (e.g. Clostridiales, Acidaminobacteraceae and Caldilinaceae). This suggested that the bioactivator was effective in promoting a shift from an anaerobic to an aerobic metabolism in the prokaryotic community. However, the larger importance of Lachnospiraceae (members of the gut and faecal microbiota of the farmed fishes) in treated compared to non-treated sediments suggested that the bioactivator was not efficient in reducing the accumulation of faecal bacteria from the farmed fishes. Our results indicate that bioremediation is a promising tool to mitigate the aquaculture impact in fish farm sediments, and that further
Introduction
Since 2014, aquaculture has provided more fish for human consumption than capture fisheries, and it is expected to provide up to 60% of the fish available for human consumption by 2030 (FAO, 2018) . Fish farming production in the Mediterranean sea, particularly that regarding sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax), has increased by 77% over the last decade, especially in coastal systems (Neofitou et al., 2010; Rosa et al., 2012) . The rapid expansion of Mediterranean aquaculture activities in coastal areas, facilitated by the environmental characteristics of the zone (FAO, 2008) , has drawn an increasing concern on their environmental impact (Bouwman et al., 2013) , since a rapid dispersion of farming-related wastes into the surrounding waters, mainly represented by organic matter (i.e. uneaten food and faeces), nutrients and pharmaceutical products (i.e. antibiotics) occurs (Bouwman et al., 2013) .
Increased organic inputs negatively affects marine sediments, producing changes in the structure of the benthic communities and oxygen depletion, and eventually leading to anoxic sediments as the excess of organic material decomposes on the sea floor (Klaoudatos et al., 2006; Neofitou et al., 2010; Mirto et al., 2012) . Benthic assemblages in proximity of aquaculture farms exhibit signs of disturbance, potentially affecting the whole food web and leading to an overall decrease in biodiversity (Karakassis et al., 2000) . In light of this, the attention on the use of bioremediation strategies in fish farm impacted areas is increasing (Yu et al., 2014; Robinson et al., 2016; Casado-Coy et al., 2017) . Typically, most of the environmental bioremediation interventions have been aimed to the recovery of terrestrial and marine areas impacted by chemical pollution due to accidental spills (mostly by hydrocarbons) or to urban and industrial discharges (Suzuki et al., 2002; Genovese et al., 2014) . Nevertheless, the recovery of organically enriched sediments (such as those in proximity of aquaculture farms) by means of bioremediation has received less attention. In particular, the potential bioremediation actions by means of the metabolic activity of marine prokaryotes have been, so far, poorly explored Wang et al., 2007) .
To date, the most used strategies to reduce the excess in nutrients released from aquaculture activities in coastal ecosystems have focused on the contextual farming of bivalves and seaweed (Huo et al., 2012; Wu et al., 2015) , due to capacity of marine algae to bioaccumulate the nutrients produced by fish farms (Sanderson et al., 2012; Yu et al., 2014) . New strategies have satisfactorily used the addition of compost to treat organically enriched sediments and to increase the degradation rates of organic matter by in situ prokaryotic communities (d'Errico et al., 2013) . Other studies suggested the introduction of colonies of polychaetes (Capitella sp.) and of the sea cucumber Holothuria scabra (Robinson et al., 2016) to accelerate the decomposition of the organic matter in fish farm sediments, also through the stimulation of microbial activities (Wada et al., 2005; Kunihiro et al., 2011) .
The exploitation of the natural metabolic potential by benthic microbes is accepted as an environmentally benign and economic measure for decontamination of polluted environments (Wu et al., 2015) . In fact, benthic prokaryotes are known to play a crucial role in the degradation processes of sedimentary organic matter and its transfer to higher trophic levels Reimers et al., 2013) . Several strains of bacteria isolated from the environment have been shown to be capable of removing N, P and sulfur compounds, and to be potentially useful in bioremediation applications (Guo et al., 2013; Zhang et al., 2018; 2019) . However, practical applications aimed at bioremediating organically enriched sediments are still scarce (Dell'Anno et al., 2009; , prompting the need to undertake studies to test in situ the efficacy of these alternative strategies in mitigating the environmental consequences of aquaculture.
In the present study, we investigated the effectiveness and the effect of a bioremediation treatment on the organically enriched sediments in a fish farm located in the Mediterranean Sea, by adding a bioactivator that promotes the natural biodegradation processes of sedimentary organic matter. We monitored (over a 32 weeks period) the effects of the bioactivator on the degradation and fate of the sediment organic matter, and investigated the response of prokaryotic community as total abundance and biomass, community composition and main degradation activities of the organic detritus.
Materials and methods

Study site
The bioremediation experiment was carried out between October 2014 and July 2015, in a marine fish farm located in the harbour of Licata (Southern Sicily, Mediterranean Sea; coordinates 37.087713 N, 13.943773 E. The farm covers a surface of~8000 m 2 and is composed of 23 floating cages arranged in two rows, containing sea bass (Dicentrarchus labrax) and sea bream (Spaurus aurata) with a total annual production exceeding 300 tons. The farm, in operation from 1994, is located in a semi-enclosed and sheltered area, characterized by a limited hydrodynamic circulation and a shallow depth (~10 m). Consequently, a large amount of organic matter, in the form of uneaten food and faeces of the reared fish, accumulates on the sea floor under the cages, a phenomenon that seems to cause a progressive transformation of the benthic substrate into a muddy black sediment. During the year, the fish farm area is affected by severe hypoxia phenomena, especially in the period from August to October, when the concentration of oxygen in the water column can often drop to as low as ca. 2 mg l
À1
. This makes the fish farm an optimal site to investigate the potential effect of bioremediation strategies. During the sampling period, seawater temperature ranged from 15 C to 24 C (in March and in July, respectively), while the dissolved oxygen values were constant above 6.1 mg L À1 .
Experimental design and sampling
The in situ bioremediation experiment lasted 32 weeks. The treatment consisted in supplying weekly the sediment with a commercially available bioactivator (MICROPAN Aquacombi, a complex mixture of microbes and molecules) inside an area of 800 m 2 below the fish cages (Fig. 1) . Sampling was carried out before the treatment (T0) in October and after 30, 120, 180 and 240 days (T30, T120, T180 and T240, respectively) from the beginning of the bioremediation treatment. Sediment samples were collected at 3 stations located at~10 m below the cages containing sea bass (volume ca. 2000 m 3 ). Two stations were located inside the treated area (COMBI1 and COMBI2) and one untreated station (CTRL 1) was used as control to investigate the effects of bioremediation on the fish farm sediment (Fig. 1) . Additional samples were also collected from an external control station (CTRL 2), located at~700 m distance from the fish farm, in proximity of the opening of the harbour, and that, as previously assessed, was not influenced by the farm. Sediment samples (0e10 cm) were collected by SCUBA divers. At each station, sediment for the analyses of biochemical components of organic matter (protein, carbohydrate and lipid concentrations) were collected, in triplicate, using corers (diameter 3.6 cm). Sterile corers were used for sediment intended for the analyses of microbial parameters. The samples were immediately transported to the laboratory, where the top 1 cm of each corer was carefully extruded and stored at À20 C for organic matter, prokaryotic abundance and diversity analyses. For the measurements of the microbial extracellular enzymatic activities, aliquots of freshlycollected sediment, taken from the sediment core (top 1 cm), were used to prepare a sediment slurry using 1:1 dilution (vol/vol) in 0.2 mm prefiltered seawater collected at the water-sediment interface from each station, and further analysed as described below.
Characteristics of the bioactivator
The commercial product MICROPAN Aquacombi, whose formulation is provided by Eurovix SpA (Brescia, Italy), is a bioactivator consisting in tablets (diameter 8 cm) which contain a complex mixture of vegetable extracts (used as support), a natural enzymatic component, mineral biocatalysts (rich in oligoelements), selected extracts of yeast, selected microorganisms from controlled fermentation, bacterial growing factors, carbohydrates and an active principle from Fucus laminariae. A similar bioactivator has been recently proven to be highly effective in removing organic pollutants from a contaminated burned woodland soil (Andreolli et al., 2015) . The formula of Aquacombi has been studied to facilitate the specific application in aquatic systems, and is especially indicated for the treatment of anoxic sediments. Bioremediation was performed in the selected area (800 m 2 ) located inside the fish farm. The tablets, formulated to dissolve at slow release, were distributed manually every week for a total of 32 weeks (at the rate of 156 g per 100 m 2 of treated areas) in the seawater immediately below the cages. To investigate the improvement of the quality of fish farm sediments, the redox potential discontinuity (RPD) depth was visually estimated as the depth at which sediment colour turns from brown to black.
Biochemical composition of organic matter
Proteins, carbohydrates and lipids were analysed in triplicate on sediment samples collected from all stations in each sampling period according to Fabiano and Danovaro (1994) , and reported also as Biopolymeric Carbon Content (BPC), as sum of lipid, protein and carbohydrate carbon . We used protein contribution (PRT) to BPC (PRT/BPC%) and the values of the protein to carbohydrate (CHO) ratio (PRT:CHO) as descriptors of the aging and nutritional quality of organic matter in the sediment (Pusceddu et al., 2010) .
Extracellular enzymatic activities
Extracellular enzymatic activities (aminopeptidase [MCA] , bglucosidase [Glu-MUF] and alkaline phosphatase [MUF-P]), in the surface sediment layer (0e1 cm) were determined by the analysis of the cleavage rates of fluorogenic substrates (L-leucine-4-methylcoumarinyl-7-amide, 4-MUF-b-D-glucopyranoside, and 4-MUF-Pphosphate, respectively; SIGMA; Hoppe, 1993) , as described in Danovaro et al. (2002) . Samples were centrifuged (800Âg, 5 min) and the fluorescence of supernatants was measured fluorometrically (at 380 nm excitation, 440 nm emission for MCA and 365 nm excitation, 455 nm emission for Glu-MUF and MUF-P), using a Cary Eclipse spectrofluorometer, immediately after the addition of the substrate and after the incubation (in the dark, at in situ temperature for 1 h). Fluorescence was converted into . Two COMBI stations below 2 cages were sited inside the treated area (COMBI1 and COMBI2), one aquaculture control station (CTRL1) was below one untreated cage inside the fish farm, and one external control station (CTRL 2) was located far from the farm. enzymatic activity by using appropriate standard curves. Enzymatic activities in sediments were normalized to sediment dry weight (60 C, 24 h) and expressed as nmol of substrate hydrolysed g À1 of sediment dry weight h À1 .
Prokaryotic abundance, biomass and diversity
Total prokaryotic abundance in all samples was quantified as described by Manini et al. (2003) . Subsamples were 500-folds diluted, filtered onto black Nuclepore 0.2-mm-pore-size filters. and analysed using epifluorescence microscopy (1000 Â magnification). For the calculation of the total prokaryotic biomass (TPB), 20 fg of C cell À1 were used as the typical conversion factor in marine microbiology studies (Cho and Azam, 1990) . Total prokaryotic abundance and biomass were normalized to sediment dry weight after desiccation (24 h at 60 C).
To analyse diversity, prokaryotic DNA was extracted from 1 g of each sediment sample using the PowerSoil ® DNA Isolation Kit (MoBio Laboratories Inc., California), by following the manufacturer's instructions with some slight modifications to increase the DNA yield and quality (Quero et al., 2017) . These included two more vortexing steps (following the one that is recommended by the manufacturer) at the maximum speed for 2 min, each one being preceded by an incubation step at 70 C for 5 min, and with the addition of one more washing step with Solution C5 as an additional removal step for contaminants. The concentration of each DNA extract was determined using a Qubit Fluorometer (ThermoFisher), and the DNA was then stored at À80 C until PCR. Illumina Miseq sequencing analyses were carried out on the hypervariable V3 and V4 regions of the 16S rRNA gene by amplifying using the 341F (5 0 -CCTACGGGNGGCWGCAG-3 0 ) and 785R (5 0 -GAC-TACHVGGGTATCTAATCC-3 0 ) universal bacterial primers (Eiler et al., 2012) . Paired-end reads were quality checked (with default settings and minimum quality score of 20) and analysed with QIIME v1.8.0 software package (Quantitative Insights Into Microbial Ecology). Reads were clustered into OTUs by using UCLUST v1.2.22 (Edgar, 2010) with a >97% similarity threshold with an open-reference OTU picking strategy and default settings. Chimeras were detected by using USEARCH v6.1 (Edgar, 2010) . Chimera checking and taxonomy assignment was performed using Greengenes 13.8 as reference database (DeSantis et al., 2006) . Abundances in each sample were normalized to the number of sequences of the sample with the lowest number of reads retained. The sequences are submitted to the SRA À Sequence Read Archive (BioProject PRJNA525837).
Statistical analysis
Univariate and multivariate distance-based permutational nonparametric analyses of variance (PERMANOVA; Anderson, 2001; McArdle and Anderson, 2001 ) was performed to compare the concentration of the different biochemical components of organic matter, extracellular enzymatic activities, abundance, biomass and richness of prokaryotes between treated stations (referred to as COMBI), untreated station (CTRL1) in the fish farm and the external control station (CTRL2) (treatment as fixed factor with 3 levels). To determine the differences in the same parameters in each station before (T0) and during 32-week bioremediation (after 30, 120, 180 and 240 days after the start of the treatment), we considered the experimental time as fixed factor with 5 levels. PERMANOVAs were based on Euclidean distance matrices, calculated on normalized data for organic matter variables, and BrayeCurtis similarity matrix for abundance data after log(xþ1) transformation, using 9999 random permutations of the appropriate units (Anderson, 2001) . When significant differences were observed, post-hoc pairwise tests were performed to test for the differences between the stations before and during the treatment and in each station among the different experimental times for each investigated parameters.
Linear Discriminant Analysis (LDA) Effect Size (LEfSe) method (Segata et al., 2011) was applied to 16S rRNA biomarkers to identify which of the bacterial taxa significantly explained the differences in community composition between treatments (COMBI, CTRL1 and CTRL2).
Results
Biochemical composition of organic matter
For all the investigated variables, due to the similarity of the results, we displayed the average of the data obtained from the sediments collected from the two treated stations (COMBI1 and COMBI2), referring to them as "COMBI".
The RPD depth in the sediments was higher in the control site (~3 cm) than in the fish farm sediment (COMBI and CTRL1), where we typically found black sediment starting from the first centimetre. Visually, this condition appeared to be permanent during the experiment.
The investigated stations (COMBI, CTRL1 and CTRL2) displayed clear differences in terms of quantity of the biochemical components of organic matter (PERMANOVA results in Supplementary material; Table S1 ). The concentration of proteins, lipids, carbohydrates and biopolymeric organic carbon before the treatment (T0) was significantly higher below the fish cages (BPC in mean 8 mgC g À1 at COMBI and CTRL1, Table 1 ) compared to the external control station CTRL2 (2.7 ± 0.2 mgC g À1 ; PERMANOVA pairwise p < 0.05, Table S2 ). In the bioremediation treated sediments (COMBI stations), each biochemical component of the organic matter and BPC displayed a similar trend (Table 1) , with a significant reduction of their concentration during the experimental period (BPC from 7.8 ± 1.1 at T30 to 3.2 ± 0.5 mgC g À1 at T240; PERMANOVA pairwise p < 0.01, Table S3 ). In the COMBI stations, the values during the bioremediation treatment were significantly lower when compared with those reported for CTRL1 (PERMANOVA pairwise p < 0.05, Table S2 ), while being generally comparable with external control station (Table 1) . During the entire treatment, the biochemical composition did not change between control and fish farm sediments, and no significant differences were observed in the quality of organic matter (Table S2) . Among the organic polymers, proteins represented the largest fraction of the BPC (more than 50%) with values of the protein to carbohydrate ratios higher than 3 in all sampling systems (Table 1) .
Extracellular enzymatic activities
Microbial extracellular enzymatic activities showed clear differences among the investigated stations (COMBI, CTRL1 and CTRL2; PERMANOVA results in Supplementary material; Table S4 ). Before the beginning of the bioremediation treatment, the aminopeptidase (MCA) and alkaline phosphatase (MUF-P) activities were significantly lower (PERMANOVA pairwise p < 0.05; Table S5 ) below the fish cages than at the external control station (from 2.1 ± 0.2 to 10.1 ± 2.6 nmol MCA g À1 h À1 at COMBI and CTRL2, respectively and from 10.8 ± 1.7 to 17.2 ± 3.4 nmol MUF-P g À1 h À1 at CTRL1 and CTRL2, respectively; Fig. 2 ). Conversely, b-Glucosidase (Glu-MUF) activity was significantly higher (PERMANOVA pairwise p < 0.05) inside the fish farm than outside (from 1.5 ± 0.3 at CTRL2 to 5.6 ± 0.8 nmol g À1 h À1 at CTRL1; Fig. 2) . We observed at COMBI stations a treatment effect on MCA and MUF-P activities (Fig. 2) , which showed a significant increase (PERMANOVA pairwise p < 0.01; Table S6 ) reaching values of 6.6 ± 1.5 nmol g À1 h À1 and 17.1 ± 3.4 nmol g À1 h
À1
, respectively, at the end of the bioremediation, comparable to CTRL2 and significantly higher (PERMANOVA pairwise p < 0.01; Table S5 ) than at CTRL1. Glu-MUF activity (Fig. 2) at treated stations showed a significant increase only at the end of the bioremediation (from 2.4 ± 0.1 at T0 to 4.0 ± 0.01 nmol g À1 h À1 at T240; PERMANOVA pairwise p < 0.05; Table S6 ). However in the untreated sediment below the cages, the values were significantly higher than at the other stations (COMBI and CTRL2) (PERMANOVA pairwise p < 0.05; Table S5 ). When the rates of enzymatic activities were normalized to prokaryotic abundance (Table 1) , they showed consistent patterns to those displayed by the non-normalized rates, as evidenced by the significant differences observed between stations and experimental times (PERMANOVA, Tables S5 and S6).
Prokaryotic abundance and biomass
Prokaryotic abundance and biomass before the treatment (T0) were significantly higher (PERMANOVA pairwise p < 0.01; Table S5 ) below the fish cages (COMBI and CTRL1) compared to the external control station (CTRL2; Fig. 3a) . The comparison between treated (COMBI) and control samples (CTRL1 and CTRL2) revealed that, during the experimental time, the treated samples showed a rapid and significant (PERMANOVA pairwise p < 0.05, Table S6 ) decrease in prokaryotic variables (total abundance and biomass) from T0 to T120 and 240 (by about 34% and 60%, respectively), reaching values comparable with the external control site (CTRL2; Fig. 3a) . Prokaryotic abundance showed values on average higher at CTRL1 than at CTRL2 (3.22 ± 0.18 and 1.63 ± 0.08 cell g À1 , respectively; PER-MANOVA pairwise p < 0.05, Table S5 ) during the experimental time.
Prokaryotic richness and community composition
The results of prokaryotic diversity analyses, based on 16S rRNA gene sequencing, are summarized in Fig. 3b (richness) and Fig. 4 (community composition, at the phylum level). At the control sediments outside the fish farm (CTRL2), the richness was significantly higher than at the aquaculture sediments (COMBI and CTRL1) before the treatment (from 1095 ± 220 to 2366 ± 110 at CTRL1 and CTRL2 respectively; PERMANOVA pairwise p < 0.001; Table S5 ) and decreased over time (down to 1636 ± 72 at T240; PERMANOVA pairwise p < 0.01; Table S6 ). In the bioremediation treated samples (COMBI), prokaryotic richness showed values significantly lower at T240 than at T0 (1632 ± 18 at T0 and 1219 ± 87 at T240; PERMANOVA pairwise p < 0.001; Table S6 ), however this trend was not observed in the non-bioremediated aquaculture samples (CTRL1).
Results of prokaryotic community composition (Fig. 4) showed the dominance, at the phylum level, of Proteobacteria in all sediments (range 51.8e63.1% at COMBI, 38.7e66.7% at CTRL1 and 52.7e56.5% at CTRL2). Among the classes within this phylum, Epsilonproteobacteria dominated in farm sediments (on average 32.2% at COMBI and 28.3% at CTLR1; Supplementary Fig. S1 ) and not at the external control station (on average 2.5% at CTRL2) where, conversely, sediments appeared to be dominated by Gammaproteobacteria (on average 22.9% at CTRL2, as opposed to 5.9% at COMBI and 7.4% at CTRL1). Aquaculture sediments, unlike the control sediments outside the farm, were characterized by the higher relative abundance of Bacteroidetes (range 13.6e18.9% at COMBI, and 10.5e22.9% at CTRL1), values that were on average 1.7 and 1.6 times higher than at CTRL2 (range 8.6e11.3%; Fig. 4) . A similar trend of higher abundance at the aquaculture sites was Table 1 Concentration of protein (PRT), carbohydrate (CHO), lipid (LIP) and biopolymeric carbon (BPC), protein contribution to BPC (PRT/BPC%) and protein to carbohydrate ratio (PRT:CHO), normalized aminopeptidase (MCA x Cell), alkaline phosphatase (MUF-P x Cell) and b-Glucosidase (Glu-MUF x Cell) enzymatic activities at the treated (COMBI) and untreated (CTRL1) stations of the fish farm and at the external control station (CTRL2) before (T0) and after 30 (T30), 120 (T120), 180 (T180) and 240 (T240) days from the start of bioremediation treatment. 10.0 ± 1.8 13.2 ± 0.7 3.7 ± 0.3 4.2 ± 0.0 3.0 ± 0.6 1.2 ± 0.0 1.6± 0.3 1.7 ± 0.4 0.6 ± 0.0 T30 5.1 ± 0.3 10.3 ± 1.6 3.2 ± 0.8 1.5 ± 0.2 2.1 ± 0.4 1.7 ± 0.2 0.8 ± 0.0 1.2 ± 0.2 0.6 ± 0.0 T120 5.2 ± 0.1 11.6 ± 2.8 4.0 ± 0.1 0.7 ± 0.0 2.5 ± 0.3 1.1 ± 0.2 0.5 ± 0.0 1.5 ± 0.2 0.4 ± 0.1 T180 4.5 ± 1.1 11.8 ± 2.2 2.5 ± 0.6 1.5 ± 0.1 2.5 ± 0.3 0.8 ± 0.2 1.2 ± 0.2 1.5 ± 0.4 0.8 ± 0.2 T240 4.4 ± 1.2 12.7 ± 0.6 2.6 ± 0.6 1.2 ± 0.2 2.7 ± 0.3 0.8 ± 0.1 0.8 ± 0.0 1.6 ± 0.1 0.6 ± 0.1 7.8 ± 1.1 8.9 ± 0.2 2.7 ± 0.2 62.6 ± 2.6 60.1 ± 0.6 72.7 ± 3.5 2.4 ± 0.5 4.6 ± 1.1 3.2 ± 0.2 T30 3.7 ± 0.1 6.8 ± 0.8 2.7 ± 0.5 67.6 ± 2.7 73.9 ± 3.1 57.4 ± 5.2 3.5 ± 0.6 5.0 ± 0.2 1.8 ± 0.3 T120 3.2 ± 0.0 7.8 ± 1.7 2.7 ± 0.1 79.5 ± 1.4 72.4 ± 2.0 72.0 ± 3.7 7.6 ± 0.2 4.6 ± 0.5 3.7 ± 0.7 T180 3.7 ± 0.7 7.9 ± 1.5 2.1 ± 0.5 58.5 ± 3.1 72.8 ± 0.3 57.6 ± 2.3 3.0 ± 0.7 4.6 ± 0.3 3.4 ± 1.3 T240 3.2 ± 0.5 8.5 ±0.5 2.0 ± 0.4 66. 0.5 ± 0.1 0.9 ± 0.2 5.2 ± 0.3 3.2 ± 0.5 2.7 ± 0.5 9.0 ± 1.5 0.6 ± 0.1 1.4 ± 0.2 0.8 ± 0.1 T30 1.0 ± 0.6 2.0 ± 0.4 8.8 ± 1.3 1.9 ± 0.1 5.4 ± 0.5 11.3 ± 1.0 0.6 ± 0.3 2.1 ± 0.1 0.6 ± 0.1 T120 1.9 ± 0.2 1.0 ± 0.2 15.4 ± 3.4 7.4 ± 1.0 3.0 ± 0.7 17.4 ± 0.5 1.0 ± 0.3 1.7 ± 0.1 1.2 ± 0.1 T180 2.1 ± 0.3 0.9 ± 0.1 8.7 ± 1.6 9.6 ± 2.6 3.0 ± 0.7 17.8 ± 3.9 1.7 ± 0.3 1.8 ± 0.5 1.2 ± 0.2 T240 4.2 ± 1.0 0.5 ± 0.1 8.6 ± 1.2 11.0 ± 2.3 1.9 ± 0.2 21.7 ± 1.4 2.6 ± 0.0 1.7 ± 0.0 1.9 ± 0.1 observed for the members within the phylum Firmicutes, which were much higher at COMBI and CTRL1 that at CTRL2 (on average 10.4 and 14.9 times higher, respectively), Spirochaetes (on average 2.3 and 2.1 times higher at COMBI and CTRL1 than CTRL2) and OD1 (on average 3.4 and 1.8 times higher at COMBI and CTRL1 than at CTRL2; Fig. 4 ). On the other side, external control sediments showed larger relative abundance of members of the phyla Acidobacteria (on average 4.4% at CTRL2 vs. 2.3% at COMBI and 2.4% at CTRL1), Actinobacteria (on average, 5.7% at CTRL2 vs. 1.9% at COMBI and 3.8% at CTRL1) and Planctomycetes (on average 9.1% at CTRL2 vs. 2.6% at COMBI and 4% at CTRL1; Fig. 4 ). When comparing COMBI and CTRL1 sediments to investigate the consequences of the treatment, the most striking differences at the phylum level were evident in terms of Verrucomicrobia, Gemmatimonadates and Actinobacteria (on average two-times lower at COMBI that at CTRL1), while members of the OD1 were ca. double at COMBI than at CTRL1. Linear Discriminant Analysis Effect Size (LEfSe) with Linear Discriminant Analysis (LDA) was used to identify bacterial taxa showing statistically significant differences between treated (COMBI) and non-treated samples inside (CTRL1) and outside (CTRL2) the fish farm (Fig. 5) . A number of 29 taxa (at the family taxonomic level) were distinguishable between the treatments. When comparing the COMBI with the CTRL1 sediments, in order to test the effects of the bioremediation treatment in the aquaculture sediments more efficiently, we observed that the CTRL1 sediments were significantly enriched in certain taxa (Fig. 6) , including several anaerobic bacteria (e.g., Clostridiales, Acidaminobacteraceae). Conversely, COMBI sediments showed a significantly higher relative abundance of Lachnospyraceae, Campylobacteraceae and Marinilabiaceae (Fig. 6 ).
Discussion
Aquaculture impact on the sediment trophic status and microbes
Fish farming is known to modify the organic and inorganic nutrient loading of coastal areas with a consequent negative impact on the benthic environment related to the increased spread of organic wastes (uneaten food, faecal matter and dead fishes). This effect is particularly evident in shallow and sheltered areas where hydrodynamic circulation is limited, such as gulf and semienclosed bays (Karakassis et al., 2000; Dell'Anno et al., 2002; Fabiano et al., 2003; Holmer et al., 2003; Vezzulli et al., 2008; Neofitou et al., 2010) . The study of the biochemical composition of sedimentary organic matter can provide important information on the trophic status of the benthic system (Dell'Anno et al., 2002) and on the environmental impact of the aquaculture activity.
In this study we observed that the concentration of biopolymeric carbon in the sediments of the fish farm, located within a harbour, was higher compared to that found in other aquaculture studies Mirto et al., 2012) . The values of each biochemical components were three to four times higher beneath the fish cages than at the control sediments, indicating a condition of organic enrichment due to fish farming (La Rosa et al., 2001) . Particularly the high accumulation of protein in fish farm sediments, observed in the present study, is likely to be related to the composition of the food pellets provided to reared fish which remain, for a large fraction, typically uneaten (Vezzulli et al., 2002; Mirto et al., 2012) .
The high organic matter inputs from the fish farms are generally known to promote prokaryotic degradation activity in the aquaculture area (Vezzulli et al., 2002 Caruso et al., 2003; Sakami et al., 2005; Luna et al., 2013) . However, in intensive aquaculture systems, the strong accumulation of organic detritus frequently exceeds the microbial degradation capacity of the system (MeyerReil and Kostel, 2000; Holmer et al., 2003; Sakami et al., 2005) , and a substantial fraction of the organic carbon deposited on the sediment under fish cages can be buried (McGhie et al., 2000) . Consistently with this, we observed lower aminopeptidase and alkaline phosphatase activities in the fish farm sediment than in the reference site. The low microbial metabolism associated with the high organic matter inputs from fish farm can be explained by the inability of microbial activity to keep up with the organic matter loading in the sediments, reaching a saturation level (Meyer-Reil and Kostel, 2000; Holmer et al., 2003; Sakami et al., 2005) . Moreover, certain biochemical components of organic matter are known to be highly oxygen reactive compounds, consequently their strong accumulation can determine a modification of the physical and chemical characteristics of the sediment and overlying water with a progressive decrease in oxygen availability for the benthos beneath the fish cages (Vezzulli et al., 2002; Holmer and Frederiksen, 2007) . The depletion of oxygen, often observed in fish farm areas, could decrease prokaryotic degradation activity rates in the sediment, in particular of proteolytic enzymes (Patel et al., 2001; Sakami et al., 2005; Reichardt et al., 2011) . Although we did not measure directly the Eh in the sediments, we found black sediment beneath the fish cages, which suggests the presence of highly reducing conditions also in the more surficial sediment layers.
Several studies have shown that the degradation activities toward different organic substrates in the sediment often do not follow the same patterns Sakami et al., 2005; Caruso, 2014) . According to this, we observed that b-Glucosidase activity displayed higher rates inside the fish farm than outside, showing an opposite trend respect to the other enzymatic activities. Consistently with our results, it was observed that a variety of Fig. 5 . Results of LEfSe analyses on the 16S rRNA sequences. a) Histogram of the LDA scores computed for taxa that are differentially abundant between treatments (COMBI, CTRL1 and CTRL2), which provides the effect sizes of the observed differences. b) Taxonomic cladogram based on LDA which classifies discriminative taxonomic differences between the treatments. Moving from inside to outside, the five rings of the cladogram stand for the phylum, class, order and family taxonomic level. The taxa with non-significant differences are represented as brown/light green symbols. The diameter of the symbols is proportional to the relative abundance. organic components derived from fish food or the faeces of the cultured fish can promote b-Glucosidase activity but have no effect on, or even suppress, aminopeptidase activity (Sakami et al., 2005; Caruso, 2014) . The low rates in organic matter degradation, observed in this study, can cause a further organic matter enrichment of the sediments, with a consequent oxygen reduction and release of toxic products that negatively affect benthic communities and farmed species (Holmer et al., 2003; Robinson et al., 2016) .
The sensitivity of the benthic microbes to even minor changes in environmental conditions and biogeochemical processes might prove useful for providing information on the effects of fish farm biodeposition (Vezzulli et al., 2002; La Rosa et al., 2001; Caruso et al., 2003) . According to previous studies (La Rosa et al., 2001; Vezzulli et al., 2002; Luna et al., 2013) , a significant higher abundance and biomass of prokaryotes in the sediments under the fish farm cages with respect to the sediment outside the fish farm was observed, a finding generally related with the increased availability of organic matter that promotes prokaryotic growth. However, the low enzymatic microbial activities observed in the sediment beneath the fish farm cages could indicate that a large fraction of the prokaryotic assemblages is dead or dormant (Luna et al., 2002) . In fact the enzymatic activities normalized to prokaryotic cell number were low, indicating a functional stress occurring within the benthic bacterial population beneath the fish cages (Vezzulli et al., 2002 .
As far as the prokaryotic diversity is concerned, prokaryotic richness was found to be lower in aquaculture sites with respect to the natural, non-impacted sediments, as expected from previous studies (Luna et al., 2013; Bissett et al., 2006) , and suggesting that the organic enrichment leads to a decrease in the number of prokaryotic species. Recent studies in salmon fish farms also reported a significantly lower bacterial diversity (measured as the inverse Simpson index) as well as a different community composition at the aquaculture compared with reference sites (Hornick and Buschmann, 2018) . This shift in community composition in farm sediments was also observed in the present study, as both types of aquaculture sediments displayed higher abundance of Bacteroidetes than non-aquaculture sediments. Bacteroidetes, typically associated with high organic matter content, have been shown to be adapted to grow attached to particles, and to have great capacity to degrade high molecular weight polymers, by producing a large suite of enzymes (peptidases, glycoside hydrolases, glycosyl transferases and adhesion proteins) (Fern andez-G omez et al., 2013) . Therefore, the increased relevance of Bacteroidetes in aquaculture sediments can be due to the increased availability of organic resources related to farming activities, suggesting that bacterial groups within Bacteroidetes are involved in the organic matter degradation under the fish farm. At the same time, aquaculture sediments displayed higher abundance of members within the candidate phylum OD1, previously identified in a broad range of anoxic environments (Nelson and Stegen, 2015) . This finding further corroborates the likely increase in anaerobicity caused by aquaculture operations.
Effect of bioremediation on trophic and microbial variables in aquaculture sediments
In the recent years, an increasing need of biotechnological tools and strategies to face the problem of pollution (e.g., the release of waste in aquaculture) in marine environments, has emerged . Several bioremediation studies have been carried out to assess the recovery of impacted ecosystems (Suzuki et al., 2002; Vezzulli et al., 2002 Vezzulli et al., , 2004 Fabiano et al., 2003; Robinson et al., 2016) , however no comprehensive studies have tested in natural environment the effects and consequences of bioremediation strategies on different key sedimentary variables (trophic, microbial diversity and metabolism) within aquaculture settings. Our results indicated that, in fish-farm bioremediated sediments, the treatment determined a significant decrease of organic matter concentrations, as evidenced for all the biochemical components investigated during the experimental period. This result confirms previous findings in bioremediation studies carried out at different locations in the Mediterranean Sea Vezzulli et al., 2004) , and highlights the usefulness and efficacy of biostimulation approaches to mitigate the environmental impact of fish farming. The observed decrease in organic matter concentration in remediated farm sediments is likely dependent upon the increase in microbial degradation rates. Previous in situ experiments have shown that bioremediation treatments can stimulate natural pelagic and benthic processes Gallizia et al., 2004; Vezzulli et al., 2004; Wada et al., 2005; d'Errico et al., 2013) . A bacterial-enzymatic mixture, used in this study, is expected to optimize the hydrolitic phase (hydrolysis of polysaccharides to simple carbohydrates, of proteins to peptides and aminoacids, and fats to glycerol and fatty acids), thus improving and accelerating the natural biodegradation capability of sediment organic matter by the benthic microbial communities. The results showed that the microbial metabolic response to the bioremediation treatment was not immediate, but became significant at the end of the treatment or after 120 days from the start of the treatment (as seen for alkaline phosphatase), in accordance with other studies in different fish farms Gallizia et al., 2004; Vezzulli et al., 2004) . In marine environment microbial extracellular enzymatic activity is known to be a primary step in the degradation of organic matter . Studies of metabolic activity of prokaryotes can provide information on the potential organic matter flow through the microbial loop, so preventing its accumulation in natural environments Vezzulli et al., 2004; Caruso, 2014) . The results of the present study showed that bioremediation is an effective strategy to stimulate the consuming and recycling of the organic matter in fish farm sediments, and suggested that sediment biostimulation interventions should last for months in order to be fully efficacious.
The decrease in organic matter availability in bioremediated sediments appeared to cause a decrease of prokaryotic abundance throughout the experiment, as opposed to what observed in the non-bioremediated farm sediments. However, the increase of normalized enzymatic activities suggested that the remediation treatment stimulated microbial activity, resulting in a more metabolically active microbial community at the end of the experiment.
The bioremediation experiment also affected benthic prokaryotic diversity. Despite no differences were observed in prokaryotic species richness between remediated and non-remediated farm sediments, the bioremediation strategy caused significant changes in the relative abundance of certain taxa. The decreased importance of certain anaerobic taxa in the COMBI sediments evidenced a mitigation of the consequences of the organic matter enrichment. The analysis of differentially abundant taxa by LEfSe between treated and untreated farm sediments indicated that remediated sediments displayed a decreased importance of Clostridiales, Acidaminobacteraceae and Caldilinaceae. Members of these taxa, particularly bacterial groups belonging to the class Clostridia, are assumed to be important during the anaerobic degradation of organic material in aquatic systems (Schwarz et al., 2008) , and have been previously reported to be major contributors of the differences in bacterial communities between mariculture and nonmariculture sediments (Li et al., 2013) . Therefore, their decrease throughout the bioremediation treatment provides an indirect indication of a decreased relevance of anaerobic metabolism in these sediments, and suggests a favourable condition for an aerobic metabolism, which is typical of non-impacted sediments.
However, during the bioremediation treatment, a larger importance of members of Lachnospiraceae was observed in bioremediated sediments as compared to the non-treated ones, suggesting that the bioactivator had no effect on the removal of faecal bacteria from farmed fishes. In fact, these bacteria are among the dominant members of the gut microbiota of sea bream (Parma et al., 2016) and of several other fishes (Larsen et al., 2014; Miyake et al., 2015) .
Conclusions
This study investigated the efficacy of a bioremediation strategy to improve the quality of organically enriched fish farm sediments by the biostimulation of in situ microbial degradation processes. The results indicated that the bioactivator was effective in increasing the microbial enzymatic degradation rates of organic matter, in mitigating the organic enrichment in the fish farm sediments, and in promoting a shift from an anaerobic to an aerobic metabolism in the prokaryotic community. At the same time, the treatment demonstrated to be not particularly efficient in mitigating the accumulation of faecal bacteria originating from the farmed fishes over time. Among the consequences of aquaculture, the large and constant release of fish faeces and of gut-associated microbes secreted into the faeces into the sea floor, in addition to the high organic matter load from the uneaten feed, is causing increasing environmental and sanitary concerns (Reid et al., 2009 ), also in light of fish-associated microbes determining the spread of antibiotic resistance genes into the environment (Muziasari et al., 2017) . Future research should focus on developing improved bioactivators that are also able to bioremediate the sediment from the fish-faeces related microbes, for instance by promoting the growth of certain aerobic microbes able to outcompete Lachnospiraceae and other gut-related microbes, in order to identify more successful bioremediation intervention of fish farm sediments.
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